INTRODUCTION
Polycomb-group proteins are responsible for the regulation of gene expression by catalyzing repressive histone modifications. They form several types of complexes, including Polycomb repressive complex 2 (PRC2) and PRC1, which are responsible for histone H3 lysine 27 mono-, di-, and tri-methylation (H3K27me1/2/3) and H2AK119 mono-ubiquitination (H2AK119ub1), respectively. PRC2 consists of EED, SUZ12, and the PRC2 enzymatic component, enhancer of zeste homolog 2 (EZH2). PRC2-mediated H3K27me3 plays critical roles in the stage-specific repression of developmental regulator genes, which frequently exhibits bivalency with an active histone modification, H3K4me3, during cellular differentiation. The deregulation of this system has been observed in various types of cancers (Conway et al., 2015; Margueron and Reinberg, 2011) .
EZH1 is another enzymatic component of PRC2 and has a catalytic SET domain showing high homology to that of EZH2. The H3K27me2/3 activity of EZH1 is markedly weaker than that of EZH2 in vivo (Margueron et al., 2008) , and, consistent with this finding, no mutation in EZH1 has been identified, at least in hematological malignancies. The biological importance of EZH1 is considered to be as a backup enzyme for EZH2, which compensates for EZH2 deficiencies in transcriptional repression in embryonic stem (ES) cells, skin stem cells, and hematopoietic cells (Ezhkova et al., 2011; Margueron et al., 2008; Mochizuki-Kashio et al., 2015; Shen et al., 2008) . In addition, several groups have revealed that EZH1 forms a non-canonical PRC2 complex that is associated with active transcription (Henriquez et al., 2013; Mousavi et al., 2012; Stojic et al., 2011; Xu et al., 2015) . Another intriguing but controversial issue would be the tissue-specific compensation between EZH1 and EZH2.
PRC2-mediated H3K27me3 cooperates with H2AK119ub1 to repress gene expression. H2AK119ub1 is the epigenetic modification catalyzed by canonical and variant (non-canonical) PRC1s, which contain a RING finger E3 ligase, Ring1B or Ring1A, as the enzymatic component. H2AK119ub1 functions down-and upstream of H3K27me3. In the well-established model, PRC2-induced H3K27me3 recruits canonical PRC1, containing CBX as the H3K27me3-binding module. On the other hand, recent studies have reported the existence of variant PRC1s, which lack CBX proteins but bind to a stretch of unmethylated CpG sites and induce H2AK119ub1, independently of PRC2 (Blackledge et al., 2015; Holoch and Margueron, 2017; Kondo et al., 2016) .
Comprehensive genome sequencing studies identified change-of-function mutations in EZH2, which increase H3K27me3 levels and reduce H3K27me2 levels, in patients with follicular and diffuse large B-cell lymphomas (Morin et al., 2010) . Loss-of-function mutations in EZH2 have also been identified in patients with myelodysplastic syndrome (MDS) (3%-13%), myeloproliferative neoplasms (MPN) (3%-13%), and MDS/MPN overlap disorders (8%-15.6%), which are all clonal myeloid disorders originating from HSCs (Iwama, 2017; Sashida and Iwama, 2017) . Since EZH2 is located at chromosome 7q36.1, chromosomal abnormalities, such as À7 and 7q-, result in deletions of EZH2 in hematological malignancies (Honda et al., 2015) . We demonstrated using mice models that the hematopoietic-cell-specific deletion of Ezh2 caused a number of hematological malignancies, such as MDS, MDS/MPN, and MPN (Mochizuki-Kashio et al., 2015; Muto et al., 2013; Sashida et al., 2014 Sashida et al., , 2016 . Collectively, these findings suggest a tumor suppressor role for EZH2 in hematological malignancies. Furthermore, we found that in the absence of Ezh1, the loss of Ezh2 did not induce any hematological malignancies due to the exhaustion of hematopoietic stem cells (HSCs). These findings showed that Ezh1 plays an essential role in Ezh2-insufficient MDS and that at least either Ezh1 or Ezh2 is required for normal HSC maintenance (Mochizuki-Kashio et al., 2015) . The requirement of PRC2 for HSC maintenance has been reported in another mouse model in which Eed was deleted in a hematopoietic-cell-specific manner (Xie et al., 2014) . Cdkn2a was identified as one of the critical target genes (TG) of PRC2 for HSC function because its deletion partially rescued the exhaustion of Eed-deleted HSCs, implying the existence of other PRC2 targets involved in HSC maintenance. However, the molecular mechanism underlying Ezh1-mediated maintenance of HSCs and MDS stem cells in an Ezh2-insufficient setting has not been addressed.
In the present study, we deleted all genes encoding PRC2 enzymatic components, except for a single allele of Ezh1, in hematopoietic cells in mice (Ezh1 +/-Ezh2 D/D ). Using these mice, we revealed that a single allele of Ezh1 is enough for Ezh2-insufficient MDS development. We profiled Ezh1 core TG, which are critical for the maintenance of HSCs as well as MDS stem cells. Furthermore, H2AK119ub1 mediated by PRC1 has been suggested to contribute to the transcriptional repression of Ezh1 core TG in the setting of a PRC2 insufficiency.
RESULTS

Ezh1 +/-Ezh2 D/D Mice Maintain HSC Functions
We previously reported that Ezh2 D/D mice developed heterogeneous hematological malignancies, mostly MDS and MDS/MPN, whereas Ezh1 À/À Ezh2 D/D (DKO) mice did not develop any disease due to the exhaustion of HSCs (Mochizuki-Kashio et al., 2015) . These findings clearly indicated an important role for Ezh1 in the maintenance of HSCs and tumor-initiating cells in the setting of an Ezh2 insufficiency. To clarify the function of Ezh1 in hematopoiesis and MDS, we generated Ezh1 +/-Ezh2 fl/fl mice to analyze the impact of a one-allele loss of Ezh1 in Ezh2 D/D mice. Bone marrow (BM) cells from Cre-ERT control, Cre-ERT; Ezh1 À/À , Cre-ERT; Ezh2 fl/fl , and Cre-ERT; Ezh1 +/-Ezh2 fl/fl mice (CD45.2) were transplanted into lethally irradiated CD45.1 recipient mice. Ezh2 was deleted by intraperitoneal injections of tamoxifen 1 month post-transplantation ( Figure 1A ). We hereafter refer to recipient mice reconstituted with Cre-ERT control, Cre-ERT; Ezh1 À/À , Cre-ERT; Ezh2 fl/fl , and Cre-ERT; Ezh1 +/-Ezh2 fl/fl cells as wild-type (WT), Ezh1 À/À , Ezh2 D/D , and Ezh1 +/-Ezh2 D/D mice, respectively. Genomic PCR and RNA sequencing (RNA-seq) analyses confirmed the efficient deletion of Ezh2 in Ezh2 D/D and Ezh1 +/-Ezh2 D/D mice ( Figures 1B and 1C ). RNA-seq revealed that Ezh1 mRNA levels were reduced by approximately 50% in Ezh1 +/-Ezh2 D/D cells ( Figure 1B) . A western blot analysis confirmed reductions in the global levels of tri-and di-methylation at histone H3 lysine 27 (H3K27me3 and me2) and the methylation to acetylation switch at H3K27 (Pasini et al., 2010) in Ezh2 D/D and Ezh1 +/-Ezh2 D/D cells. The loss of one Ezh1 allele had a minimal impact on the global levels of histone modifications at H3K27 ( Figure 1D ). Intriguingly, the chimerism of Ezh1 +/-Ezh2 D/D donor cells, like that of WT, Ezh1 À/À , and Ezh2 D/D mice, was almost 100% in peripheral blood (PB) at least for 6 months after Ezh2 deletion ( Figure 1E ). Ezh1 +/-Ezh2 D/D mice showed morphological dysplasia in PB cells ( Figure 1F ) as Ezh2 D/D mice did (Mochizuki-Kashio et al., 2015) , and also showed macrocytic anemia, leukopenia, and increased apoptosis of BM erythroblasts (data not shown). These results indicate that Ezh1 +/-Ezh2 D/D mice developed MDS and maintained MDS stem cells as well as HSCs for a long term.
To further assess the HSC function of Ezh1 +/-Ezh2 D/D HSCs, we first performed competitive repopulating assays (Figure 2A ). BM cells from each genotype were transplanted with a half number of CD45.1 + competitor cells. Although the chimerism of Ezh1 +/-Ezh2 D/D donor cells was slightly lower than that of Ezh2 D/D donor cells in PB, Ezh1 +/-Ezh2 D/D donor cells maintained hematopoiesis for a long term ( Figure 2B ). In contrast, DKO donor cells were totally outcompeted by competitor cells. We then performed serial . Data are shown as the mean G SD (WT, n = 4; Ezh1 À/À , n = 5; Ezh2 D/D , n = 3; Ezh1 +/-Ezh2 D/D , n = 4; Ezh1 À/À Ezh2 D/D , n = 4).
(C) The experimental scheme of serial BM transplantation (BMT). For secondary transplantation, 5 3 10 6 BM cells from primary recipient mice 3 months after tamoxifen treatment were transplanted into lethally irradiated secondary recipient mice. (D) A summary of the engraftment rates of donor cells in secondary transplantation.
(E) The chimerism of donor-derived CD45.2 + cells in PB in secondary recipients. Data are shown as the mean G SD (WT, n = 5; Ezh2 D/D , n = 9; Ezh1 +/-Ezh2 D/D , n = 5). (F) Genomic PCR of LK cells obtained from WT, Ezh2 D/D , and Ezh1 +/-Ezh2 D/D recipient mice 9 months after secondary transplantation. **p < 0.01; and ***p < 0.001. transplantation using WT, Ezh2 D/D , and Ezh1 +/-Ezh2 D/D BM cells without competitor cells ( Figure 2C ). Of interest, Ezh1 +/-Ezh2 D/D BM cells did not engraft in 4 of 10 secondary recipients ( Figure 2D ) and showed inefficient engraftment in the remaining 6 recipients, although they eventually established high chimerism comparable to that of WT and Ezh2 D/D cells 6 months after the secondary transplantation ( Figure 2E) . A genomic PCR of LK cells obtained 9 months after the secondary transplantation revealed the complete deletion of Ezh2, ruling out that incompletely excised Ezh2 in HSCs contributed to the recovery of chimerism ( Figure 2F ). These results indicate that HSC function was attenuated but still maintained in
Ezh1 Preferentially Targets Developmental Regulator Genes in Ezh2-Insufficient HSPCs
Irrespective of the global loss of H3K27me3, Ezh1 +/-Ezh2 D/D mice maintained HSC function ( Figure 2 ), whereas DKO mice showed the depletion of HSCs without developing any disease ( Figure 2 ) (Mochizuki-Kashio et al., 2015) . These results indicate that the residual H3K27me3 marks mediated by only one allele of Ezh1 in Ezh1 +/-Ezh2 D/D mice maintained repression of critical PRC2 TG in HSCs as well as MDS stem cells. To characterize the genome-wide distribution of residual H3K27me3, chromatin immuniprecipitation (ChIP) sequencing (ChIP-seq)/DNA sequencing was performed on hematopoietic stem and progenitor cells (HSPCs) purified from WT, Ezh1 À/À , Ezh2 D/D , and Ezh1 +/-Ezh2 D/D mice. The enrichment of H3K27me3 ChIP signals over input signals at the promoter region (transcription start site [TSS] G 2.0 kb) of each RefSeq gene is shown in scatterplots ( Figure 3A ). We defined 5,701 genes with H3K27me3 ChIP signals >2-fold over input signals at the promoter region (TSS G 2.0 kb) in WT cells as PRC2 TG ( Figure 3B and Table S1 ). The Ezh1 deletion had a limited effect on H3K27me3 levels, whereas the levels were markedly lower in Ezh2 D/D and Ezh1 +/-Ezh2 D/D cells than in WT cells, as expected from western blot data ( Figure 1D ). Only 970 genes were marked with residual H3K27me3 in Ezh1 +/-Ezh2 D/D cells, and we defined them as ''Ezh1 core target genes'' (Ezh1 core TG) ( Figure 3B and Table S1 ). H3K27me3 levels at the promoter regions of Ezh1 core TG were significantly higher than those of PRC2 TG ( Figure 3C ) and were significantly lower in Ezh1 À/À and Ezh1 +/-Ezh2 D/D cells ( Figure 3C ). However, Ezh1 core TG retained high levels of H3K27me3 mark, even in Ezh1 À/À cells ( Figure 3C ), suggesting that they are regulated not only by Ezh1 but also by Ezh2. The majority of H3K27me3 genes in Ezh1 +/-Ezh2 D/D cells (Ezh1 core TG) were also included in those in WT, Ezh1 À/À , and Ezh2 D/D cells ( Figure 3D ). A heatmap clearly showed that the levels of H3K27me3 around the TSS were profoundly lower in Ezh2 D/D and Ezh1 +/-Ezh2 D/D cells than in WT and Ezh1 À/À cells ( Figure 3E ). These results suggest that in the setting of a PRC2 insufficiency, residual PRC2 is distributed to a restricted number of TG to maintain HSC functions. A gene ontology (GO) analysis showed that Ezh1 core TG were remarkably enriched in genes involved in development, cell differentiation, and transcription ( Figure 4A ). A total of 37.7% of the Ezh1 core TG were transcription factors or DNA-binding proteins ( Figure 4B ). The expression of Ezh1 core TG was more tightly repressed in the LSK HSPCs of all genotypes than in PRC2 TG ( Figure 4C ). Collectively, these results suggest that residual PRC2 preferentially targets developmental regulator genes in Ezh2-insufficient HSPCs.
Compared with Ezh2 D/D LSK cells, Ezh1 +/-Ezh2 D/D LSK cells lost H3K27me3 at the promoters of 1,035 genes (designated as Ezh2 D/D /Ezh1 +/-Ezh2 D/D loss genes) (Table S1 ). A GO analysis showed that these genes were also significantly enriched for developmental regulator genes, despite the much lower levels of enrichment compared with Ezh1core TG ( Figure S1A , compared with Figure 4A ). Initial levels of H3K27me3 around TSS were higher than those of PRC2 TG, but lower than those of Ezh1 core TG (Figure S1B ). Their expression levels were moderately, albeit not significantly, increased in Ezh1 +/-Ezh2 D/D cells compared with Ezh2 D/D cells ( Figure S1C ).
De-repression of Ezh1 Core TG Restricts the Proliferative Capacity of HSCs
To examine the impact of the complete loss of PRC2 on the expression of Ezh1 core TG, we performed RNA sequence analysis on DKO LSK cells. DKO LSK cells were purified from DKO mice 1 week after the deletion of Ezh2 due to the immediate depletion of HSCs. The complete deletion of Ezh1 and Ezh2 in DKO LSK cells, which was confirmed by RNA sequence data ( Figure S2A ), induced the de-repression of PRC2 TG, including Ezh1 core TG ( Figure 5A ). To identify the PRC2 TG critical for HSC maintenance, we focused on 42 Ezh1 core TG de-repressed in DKO cells relative to Ezh1 +/-Ezh2 D/D cells ( Figure 5B ). Among them, Cdkn2a, Cdkn2b, Pitx1 (Liu and Lobie, 2007) , Egr2 (Unoki and Nakamura, 2003) , Egr3 (Cheng et al., 2015) , Tbx15 (Yuan et al., 2011) , and HtrA1 (Supanji et al., 2013) have been reported to negatively regulate cell proliferation or induce cell death. The de-repression of Cdkn2a, Pitx1, Egr2, Egr3, Tbx15, and HtrA in DKO cells was confirmed by a quantitative RT-PCR analysis ( Figure 5C ). Manual ChIP assays also confirmed that H3K27me3 levels were significantly reduced at the promoter of Cdkn2a, Pitx1, and Egr3 in DKO cells but kept at high levels in Ezh1 +/-Ezh2 D/D cells ( Figure S2B ). Cdkn2a and Cdkn2b are representative targets of PRC1 and PRC2 that are critical for the maintenance of the proliferative capacity of HSCs ( 2006; Park et al., 2003; Xie et al., 2014) . To investigate the effects of the de-repression of other Ezh1 core TG in HSCs and MDS stem cells, we transduced LSK cells with Pitx1, Egr2, Egr3, or Tbx15 lentiviruses. We purified transduced cells expressing Venus as a marker protein of transduction, and then monitored their growth. A quantitative RT-PCR analysis confirmed a significant overexpression of Pitx1, Egr2, and Egr3 (Figure 5D) . The overexpression of all the tested genes, particularly Egr2, Egr3, and Tbx15, significantly attenuated the growth of LSK cells under a stem cell culture condition supplemented with Stem cell factor (SCF) and Thrombopoietin (TPO), suggesting that de-repression of each tested gene impairs HSC function (Figure 5E ). De-repression of these Ezh1 core TG might account for the exhaustion of HSCs in DKO mice.
H3K4me3 Was Associated with Ezh1 Core TG Bivalent genes marked with a repressive mark H3K27me3 and an active mark H3K4me3 are the so-called developmental regulator genes that are involved in the regulation of development and differentiation (Bernstein et al., 2006; Zaidi et al., 2017) . Given that Ezh1 core TG are rich in developmental regulator genes ( Figure 4A ), we profiled H3K4me3 in WT and PRC2-insufficient LSK HSPCs by ChIP-seq analysis Figure 6A ). Genes with both H3K27me3 and H3K4me3 ChIP signals >2-fold over input signals at the promoter region (TSS G 2.0 kb) in WT cells were defined as bivalent genes in LSK cells. We found that 882 of 970 Ezh1 core TG were overlapped with the bivalent genes ( Figure 6B ) and were significantly enriched for developmental regulator genes, as evident from the data of GO analysis ( Figure 6C) . A heatmap and the following quantitative analysis showed that the levels of H3K4me3 at the promoters of Ezh1 core TG were remarkably higher than those at other PRC2 TG in both WT and Ezh1 +/-Ezh2 D/D cells ( Figures 6D and 6E ). Levels of H3K4me3 at the promoters of Ezh1 core TG were slightly reduced in Ezh1 +/-Ezh2 D/D cells but stayed at higher levels than those at other PRC2 TG (Figures 6A, 6D, and 6E ). Taken together, these data suggest that residual PRC2 preferentially targets bivalent developmental regulator genes in its insufficiency.
PRC1-Mediated H2AK119ub1 Was Involved in Repression of Ezh1 Core TG
PRC1 largely shares TG with PRC2 because PRC1-mediated H2AK119ub1 functions up-and downstream of PRC2-mediated H3K27me3 (Blackledge et al., 2014 (Blackledge et al., , 2015 Cooper et al., 2016; Kalb et al., 2014) . We hypothesized that H2AK119ub1 also plays a key role in the repression of PRC2 TG in PRC2-insufficient HSPCs.
To test this hypothesis, the state of the H2AK119ub1 modification in Ezh1 +/-Ezh2 D/D LSK HSPCs was examined. For analysis on DKO HSPCs, c-Kit + BM cells that were collected 1 week after tamoxifen treatment were used. A western blot analysis showed that the global level of H2AK119ub1 was not significantly changed by the loss of PRC2, even in DKO cells ( Figure 7A) . A ChIP-seq analysis of H2AK119ub1 revealed a strong correlation of H2AK119ub1 levels with H3K27me3 levels at the promoters of PRC2 TG, particularly of the Ezh1 core TG in Ezh1 +/-Ezh2 D/D cells ( Figure 7B ). The genes, the promoters of which were marked with H3K27me3 and H2AK119ub1, largely overlapped ( Figure 7C) . A heatmap and boxplot showed that the deletion of Ezh1 and/or Ezh2 had limited effects on the level of H2AK119ub1 at the promoters of PRC2 TG (Figures 7D and 7E) , which is consistent with the global levels of H2AK119ub1 detected in western blots ( Figure 7A ). Manual ChIP assays confirmed that H2AK119ub1 levels of selected Ezh1 core TG were maintained at the basal levels in DKO as well as Ezh1 +/-Ezh2 D/D HSPCs ( Figure S2C) . These results suggest a role for PRC1-mediated H2AK119ub1 in the repression of PRC2 TG in the setting of a PRC2 insufficiency.
DISCUSSION
Only Ezh2 and its paralog Ezh1 function as H3K27 methyltransferases. No other enzymes have been shown to exhibit similar catalytic activities. We previously reported that the hematopoietic-cell-specific deletion of Ezh2 did not compromise the self-renewal capacity of HSCs and caused heterogeneous hematological malignancies, including MDS, in mice. In contrast, Ezh1 À/À Ezh2 D/D mice failed to maintain HSCs as well as MDS stem cells (Mochizuki-Kashio et al., 2015) . Here, our ChIP-seq analysis provided a new insight into the epigenetic mechanisms of maintenance of HSCs and MDS stem cells in the setting of an Ezh2 insufficiency.
Another group also reported the requirement of PRC2 for HSC maintenance using Eed-deleted mice, which are similar to Ezh1 À/À Ezh2 D/D (DKO) mice in terms of the complete loss of PRC2 activity (Xie et al., 2014) . These findings suggest that Ezh1 plays an important role in the maintenance of HSCs and development of MDS in the setting of an Ezh2 insufficiency. In the present study, we demonstrated that only one allele of Ezh1 (Ezh1 +/-Ezh2 D/D ) was sufficient to maintain HSCs as well as MDS stem cells (Figure 2) , despite the markedly weaker catalytic activity of Ezh1 than Ezh2 (Margueron et al., 2008) . This result indicates that the minimal levels of H3K27me3 mediated by Ezh1 are sufficient for HSC maintenance.
The enzymatic activity of Ezh1 was previously shown to be markedly weaker than that of Ezh2 in vitro and in vivo (Margueron et al., 2008) . Correspondingly, the deletion of Ezh1 alone (Ezh1 À/À ) affected H3K27me3 levels in HSPCs much less than that of Ezh2. However, in the absence of Ezh2, Ezh1 heterozygosity had a significant impact on H3K27me3 levels at the promoters of PRC2 TG ( Figures  3A-3C and 3E ). Only 970 genes retained H3K27me3 at their promoters in Ezh1 +/-Ezh2 D/D HSPCs ( Figure 3B ). These 970 genes, defined as ''Ezh1 core TG,'' were strongly enriched in genes coding for transcription factors and developmental regulators ( Figures 4A and 4B) . The forced expression of selected Ezh1 core TG that were de-repressed in DKO HSPCs, including Pitx1, Egr2, Egr3, and Tbx15, suppressed the growth of LSK cells in vitro ( Figure 5E ). Diffuse intrinsic pontine glioma cells with the mutation of H3K27M exhibited attenuated PRC2 function with the global loss of H3K27me3, whereas the H3K27me3 mark was retained by a limited number of genes, including the tumor suppressor gene CDKN2A. The inhibition of residual PRC2 activity abolished tumor cell growth following the de-repression of CDKN2A (Mohammad et al., 2017) . Collectively, these findings indicate that residual PRC2 preferentially targets critical genes for the maintenance of stem cells in PRC2-insufficient tumor cells. In contrast, 1,035 Ezh2 D/D /Ezh1 +/-Ezh2 D/D loss genes, which lost H3K27me3 at the promoters in Ezh1 +/-Ezh2 D/D LSK cells compared with Ezh2 D/D LSK cells, also included many developmental regulator genes, and their expression levels were moderately increased in Ezh1 +/-Ezh2 D/D cells compared with Ezh2 D/D cells ( Figures S1A-S1C) . Given that the de-repression of developmental regulator genes of Ezh1 core targets affect the function of HSCs, de-repression of Ezh2 D/D /Ezh1 +/-Ezh2 D/D loss genes also could account for the defective function of Ezh1 +/-Ezh2 D/D HSCs/MDS stem cells as observed in Figure 2 .
In addition to H3K27me3, we profiled H3K4me3 in PRC2-insufficient HSPCs (Figure 6A ), since the bivalency of these histone modifications are frequently observed at the promoters of developmental regulator genes (Bernstein et al., 2006; Ku et al., 2008; Zaidi et al., 2017) . Consistent with the results of GO analysis ( Figure 4A ), Ezh1 core TG were mostly bivalent genes in LSK cells ( Figure 6B ). Of note, we detected remarkably higher levels of H3K4me3 at Ezh1 core TG than other PRC2 TG ( Figures  6D and 6E) . The high levels of H3K4me3 could serve as a marker for selective targeting of residual PRC2 to Ezh1 core TG.
Many of the developmental regulator genes, such as Hox genes, which are well-known targets of PRC2, were included in Ezh1 core TG, but continued to be repressed in PRC2-insufficient LSK cells, even in DKO mice (Figures 4C, 5A, and 5B) . They appeared to be repressed by mechanisms other than PRC2-mediated H3K27me3 in HSPCs. H2AK119ub1 cooperates with H3K27me3 to form a repressive chromatin region called the polycomb domain. In the traditional model, PRC1, which catalyzes H2AK119ub1, is recruited to PRC2-mediated H3K27me3. However, recent studies reported an alternative mechanism, in which PRC1 deposits H2AK119ub1 independently of PRC2. This new type of PRC1 complex has been classified as variant PRC1, whereas PRC1 in the traditional model is called canonical PRC1 (Blackledge et al., 2015) . H2AK119ub1 levels were previously shown to be largely retained in PRC2-deficient mouse ES cells (Tavares et al., 2012) . Consistent with this finding, we demonstrated that DKO HSPCs exhibited almost the complete retention of H2AK119ub1 at the global level as well as at the promoters of PRC2 TG, suggesting that variant PRC1s, but not canonical PRC1, predominantly contribute to the deposition of H2AK119ub1 in HSPCs as well as in mouse ES cells (Figures 7A,  7D , and 7E). Since variant PRC1-mediated H2AK119ub1 recruits PRC2, leading to the deposition of H3K27me3 (Blackledge et al., 2014) , variant PRC1-mediated H2AK119ub1 may be one of the mechanisms underlying the preferential targeting of PRC2 to Ezh1 core TG, as well as H3K4me3. In fact, we found that this mark strongly co-localized with H3K27me3 at Ezh1 core TG in Ezh1 +/-Ezh2 D/D HSPCs ( Figure 7B ). Intriguingly, inhibition of Ring1A, an enzymatic component of PRC1, has been shown to have an antitumor effect on an MDS cell line and primary CD34 + cells from patients with MDS (Palau et al., 2017) . Therefore, the functional inhibition of PRC1, especially variant PRC1, would represent an interesting approach to eradicate MDS stem cells by inducing the de-repression of Ezh1 core TG in Ezh2-insufficient MDS.
METHODS
All methods can be found in the accompanying Transparent Methods supplemental file. (A) Snapshots of RNA-seq signals at Ezh1 and Ezh2 gene loci in WT, Ezh1 +/-Ezh2 Δ/Δ and DKO LSK cells isolated from recipient mice 1 week after the tamoxifen treatment.
SUPPLEMENTAL INFORMATION
(B, C) Manual ChIP assays for H3K27me3 or H2AK119ub1 at the promoters of Cdkn2a, Pitx1, and Egr3. WT and Ezh1 +/-Ezh2 Δ/Δ LSK cells 3 months after the tamoxifen treatment and WT and DKO c-kit + BM cells 1 week after the tamoxifen treatment were used (left and right panels, respectively). The relative amounts of immunoprecipitated DNA are depicted as a percentage of input DNA. Data are shown as the mean ± SD. The Student's t-test was performed compared to a control locus (B, left panel and C). *, p<0.05; **, p<0.01; and ***, p<0.001.
Transparent Methods 1
Mice 2
As described previously (Mochizuki-Kashio et al., 2015) , Ezh2 fl/fl mice (Hirabayashi et 3 al., 2009) were crossed with Rosa26::Cre-ERT mice (TaconicArtemis GmbH) to achieve 4 the conditional deletion of Ezh2. These mice were injected with 100 μl of tamoxifen 5 dissolved in corn oil at a concentration of 10 mg/ml intraperitoneally for 5 consecutive 6 days to induce Cre-ERT activity. Ezh1 constitutive knockout mice were obtained from 7
Thomas Jenuwein's laboratory and will be reported elsewhere. Some of its phenotypes 8 have been reported previously (Bae et al., 2015; Ezhkova et al., 2011; Mochizuki-Kashio 9 et al., 2015) . C57BL/6 mice congenic for the Ly5 locus (CD45.1) were purchased from 10 Sankyo-Lab Service (Tsukuba, Japan). All experiments using mice were performed in 11 accordance with our institutional guidelines for the use of laboratory animals and 12 approved by the Review Board for Animal Experiments of Chiba University (approval 13 ID: 30-56). 14 15
Purification of hematopoietic cells and flow cytometric analysis 16
Hematopoietic cells harvested from BM were triturated and passed through a 70-µm 17 nylon mesh to obtain a single cell suspension. Cells were incubated with an APC-18 conjugated anti-c-Kit antibody followed by anti-APC MicroBeads (Miltenyi Biotec). c-19 Kit + cells were immunomagnetically enriched by passing through an LS column (Miltenyi 20 Biotec). Purified c-Kit + cells were then stained with a mixture of biotin-conjugated mAbs 21 against lineage markers, including Gr-1, interleukin (IL)-7Rα, B220, CD4, CD8, and 22
Ter119, and PE-conjugated anti-Sca-1 and APC-conjugated anti-c-Kit antibodies. 23 and CD45.2 antibodies were used as additional markers for recipient cells and donor-25 derived cells, respectively. Flow cytometric analyses were performed using monoclonal 26 antibodies (mAbs) recognizing the following antigens: CD45.2 (104), CD45.1 (A20), Gr-27 1 (RB6-8C5), CD11b/Mac-1 (M1/70), Ter-119 (TER119), CD71 (RI7217), CD127/IL-28 7Rα (A7R34), B220 (RA3-6B2), CD4 (RM4-5), CD8α (53-6.7), CD117/c-Kit (2B8), 29
Sca-1 (D7), CD34 (RAM34), CD150 (TC15-12F12 .2), CD41 (MWReg30), and FcR 30 (93). These mAbs were purchased from BD BioSciences (San Jose, CA), eBioScience 31 (San Diego, CA), and BioLegend (San Diego, CA). Dead cells were eliminated by 32 staining with propidium iodide (1 µg/ml, Sigma). All flow cytometric analyses and cell 33 sorting were performed on FACSAria III and FACSCanto II (BD Biosciences). 34
35
Bone marrow (BM) transplantation 36 BM cells from CD45.2 mutant mice (test cells) were transplanted intravenously into 8-to 37 12-week-old CD45.1 recipients irradiated at a dose of 9.5 Gy with or without BM cells 38 from 8-to 12-week-old CD45.1 congenic mice (competitor cells). The chimerism of 39 donor-derived hematopoietic cells was monitored by flow cytometry. PB cells were 40 stained with a mixture of mAbs that included Gr-1, Mac-1, B220, CD4, CD8α, CD45.2, 41 and CD45.1. The proportion of donor cells was evaluated by dividing the number of 42 CD45.2-single positive cells by the total number of CD45-positive cells 43 (CD45.1+CD45.2). 44 45
Chromatin immunoprecipitation (ChIP) assays and ChIP sequencing 46
A ChIP analysis was performed as described previously (Mochizuki-Kashio et al., 2015; 47 Tanaka et al., 2017) . Cells were cross-linked with 0.5% formaldehyde at 37°C for 2 min,
